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(57) Abstract: A slot antenna for receiving 
and/or transmitting a RF signal at a desired 
one of a plurality ofdifferent frequencies. The 
slot antenna includes at least one conductive 
sheet having a slotdefined therein, the slot being 
longer than it is wide and having at least one end 
which is open.A plurality of switch members 
are mounted along said slot close to the open end 
thereof, each of said plurlaity of switch members 
acting, when closed, to couple the at least one 
conductive sheet on one side of said slot to the 
at least one conductive sheet on a second side 
thereof. Afeed point is provided for adjacent 
said slot. The plurality of switch members are 
closable in a controlled manner to change a 
desired resonance frequency at which the slot 
antenna receivesand/or transmits the RF signal. 
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RF MEMs-Tuned Slot Antenna and a Method of Making Same 

Technical Field 

* 

This invention relates to the field of tunable antennas using RP MEMS switches. It includes an 
open ended, (and possibly) cavity backed slot antenna, which has one or more RF MEMS 
switches to provide a variety of functions. Depending on the particular design of the antenna, 
the switches can be used to perform frequency tuning, to adjust the radiation pattern (as in 
switched-beam diversity), to adjust the polarization, or to adjust the phase of the radiated wave 
for phased array applications. 

Background of the Invention 

Prior art tunable antennas utilizing MEMS switches include tunable dipoles (which suffer from 
interference from the DC bias lines for the MEMS switches), ordinary slot antennas (which 
suffer from limited tunability due to the low-impedance current path around the outside of the 
slot), and patch antennas (which suffer from limited tunability due to the difficulty of detuning 
an extended resonant structure by a significant amount without significant design difficulty, as 
well as problems from MEMS switch DC bias line interference). In one aspect, the present 
invention employs a single open end on a slot and allows the RF MEMS switches arranged 
near the open end to provide the greatest amount of tunability because the lack of alternative 
current paths forces the entirety of the antenna current through a closed MEMS switch. Also, 
the asymmetric design which may be achieved only requires half as many RF MEMS switches 
as competing geometries, thus lowering the cost and complexity of the antenna. 
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The present invention provides a simple v/ay to accomplish several functions that are becoming 
more important as RF devices continue to become more complex. Cellular telephone 
manufacturers and RF system designers have already identified antenna diversity as an 
important addition to future wireless systems, in both the cellular handset and the base station. 
One way to accomplish this is to switch between several separate antennas. Another way, 
which is addressed in this disclosure, is to use a single antenna, and to reconfigure that antenna 
into multiple modes, allowing the apparatus to switch among these modes. This can result in a 
simpler design that takes up less space, an important consideration especially for the handset 
application. 

The present invention provides a simple antenna that can switch among several different modes 
through the use of RF MEMS switches. It can provide control over the frequency, pattern, and 
polarization with a minimum number of switches, in a manner that is simple to design and to 
manxifacture. It also has several advantages over existing alternatives, such as eliminating 
interference from DC bias lines for the MEMS switches, and having tunabilily over a broad 
frequency range. The use of this antenna as part of a diversity transceiver can provide several 
decibels of improved signal/noise ratio. The antenna geometries presented here have the 
advantage that they accomplishes this task with a minimum complexity and volume and 
provide control over a wide variety of antenna properties including frequency, polarization, and 
pattern. 

This invention is applicable to the field of tunable antennas in general, as well as two types of 
antenna diversity (pattern and polarization). The disclosed antenna can be used in several 
applications, including automotive communication systems and military communication 
systems. As cars are beginning to require a greater number of services (onstar, gps, PCs, amps, 
sdars, etc.) the antenna requirements are becoming increasingly stringent. The use of anteima 
diversity is already recognized by cellular handset designers as an important advantage and a 
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good way of improving the link budget. Cars, with their increased real estate, are a perfect 
candidate to take advantage of these new techniques to improve reliability and/or bandwidth. 
Another possible application is software radio, in which the military is making significant 
investments as the future solution to all communication needs. 

The prior art includes: 



(1). Ken Takei, "Tunable Slot Antenna'^ US Patent # 6028561, 2/22/2000, assigned to 
Hitachi. This antenna consists of a folded, U-shaped slot antenna which is built within a 
cavity. It is fed from a point in the center of the U-shape by an internal microstrip-like 
structure which causes a field across the center of the slot. It contains a tunable 
capacitance by means of a varactor diode, which is connected at the feed point. By 
applying a DC bias to the varactor, one may tune its capacitance, and thus adjust the 
input impedance of the antenna. This tunes the frequency where the antenna is 
matched. The antenna disclosed herein is different from this one in that it uses 
conductive, metal to metal contact MEMS switches to perform the tuning function. 
Since varactors can be lossy, the low loss of the MEMS devices provides an efficiency 
advantage. Furthermore, our design allows the antenna to have a variety of 
configurations for tuning the radiation pattern or the polarization, as will be explained 
below. 



(2). Hiroshi Okabe, Ken Takei, "Tunable Slot Antenna with Capacitively Coupled 
Island Conductor for Precise Impedance Adjustment", US Patent #6034655, 3/7/2000, 
assigned to Hitachi. This design is very similar to Takei's original design (See Ref (1)), 
but he has moved the varactor to within the slot, and added another branch to the slot. 
The disclosed antenna still has the same advantages as in the previous case. 



(3). Hiroshi Okabe, Ken Take, 'Tunable Slot Antenna with Capacitively Coupled 
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Island Conductor for Precise Impedance Adjustment", US Patent Ml 88369, 2/13/2001, 
assigned to Hitachi. This design is nearly identical to the previous patent by the same 
authors. Our antenna still has the same advantages as in the previous case. 

(4). Hiroshi Okabe, Ken Take, "Wireless Handset", US Patent #6198441, 3/6/2001, 
assigned to Hitachi. This patent describes a method of tuning a handset antenna to the 
frequency on which a call is being placed. The tuning function is controlled by the 
phone circuitry so that it will intelligently synchronize the antenna frequency with the 
frequency of the present telephone call. However, modem cellular telephones use 
spread spectrum techniques, so this type of design is not particularly useful. In the 
present design, one can not only switch bands, but one can also switch the radiation 
pattern or the polarization. 

(5). Robert Snyder, James Lilly, Andrew Humen, ""Tunable Microstrip Patch Antenna 
and Control System Therefore", U.S. Patent 5943016, 8/24/1999, assigned to Atlantic 
Aerospace Corporation. This patent describes a method of tuning a patch antenna by 
using RF switches to connect or disconnect a series of tuning stubs. The presently 
disclosed antenna provides several advantages over this design. Since the present 
antenna uses a slot for the fundamental element, it is less sensitive to the position of the 
bias circuits. Furthermore, the disclosed design adds several features such as the ability 
to tune the polarization and the pattern, in addition to the frequency. 

(6) . Trent Jackson, William McKinzie, James Lilly, Andrew Humen, ""Tunable 
Microstrip Patch Antenna and Control System Therefore", U.S. Patent 6061025, 
5/9/2000, assigned to Atlantic Aerospace Corporation. This patent is basically the same 
or very similar as the previous patent by some of the same authors. 

(7) . Jeffrey Herd, Marat Davidovitz, Hans Steyskal, "Reconfigurable Microstrip Array 
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Geometry which Utilizes Microelectromechanical System (MEMS) Switches", US 
Patent #61 98438, 3/6/2001 , assigned to The United States of America as represented by 
the Secretary of the Air Force. This patent describes an array of patch antennas which 
are connected by RF MEMS switches. The device provides a tiinable antenna which is 
5 tuned by selectively turning on or off various switches to connect the patches together. 

Larger or smaller clusters of patches will create antennas operating at lower or higher 
frequencies, respectively. One problem with this design is that it requires a large number 
of switches. A more significant problem is that it does not provide a way to eliminate 
the problem of interference between the DC feed lines and the RF part of the antenna. 

1 0 (8). Gerard Hayes, Robert Sadler, "Convertible Loop/Inverted F Antennas and Wireless 

Communicators Incorporating the Same", US Patent #6204819, 3/20/2001, assigned to 
Telefonaktiebolaget L. M. Ericsson. This patent describes an anteima incorporating 
MEMS devices which are used to tune the resonance frequency by selectively 
activating various portions of the antenna. One drawback of this design is that it is 

15 complicated to design, as each resonant section is built of a different type of antenna. 

Furthermore, it only allows for frequency tuning. The present design allows for 
polarization tuning or pattern tuning in addition to frequency tuning, and it performs 
these functions using a simple structure that is easy to design. 

(9). Frank Schiavone, "Linear Polarized RF Radiating Slot", US Patent #4367475, 
20 1/4/1 983, assigned to Ball Corporation. This patent describes a slot antenna having two 

open ends, in which the frequency of the slot antenna is determined by lumped 
elements placed within or around the slot. Our antenna improves upon this design by 
making it tunable through the use of RF MEMS switches. The present antenna 
provides a structure that is unlike both the closed-ended slots of traditional slot antenna 
25 designs, and also unlike this open-ended slot design. The present antenna is closed, but 

only by the MEMS switch, and thus forces all of the antenna current to pass through 
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(10). David Haxib, Louis Vaimatta, Hugh Smith, "Multi-layered compact slot antenna 
structure and method", US Patent #5966101, 10/12/1999, assigned to Motorola. The 
patent in its prior art portion shows the concept of an open-ended slot antenna. The 
basic concept of the single open-ended slot antenna does not anticipate the ability to 
tune the antenna through the use of RP MEMS switches. The open-ended slot antenna 
shown in this prior art reference is typically one-quarter wavelength long. Our MEMS- 
tuned slot antenna is one-half wavelength long, like a conventional slot antenna, but the 
use of the open end forces the entirety of the antenna current to pass through the 
MEMS switch. 



The disclosed antenna provides several important advantages over the prior art. These include 
(1) the use of RF MEMS switches which allow the antenna to have higher efficiency than other 
designs that use lossy varactors, (2) the ability to tune not only the frequency, but also the 
pattern or the polarization, (3) a simpler design than many of the alternatives, which requires 
very little fine-tuaiing or experimentation to arrive at the correct geometry, (4) the versatility to 
be used in a broadband (without cavity) or narrowband (with cavity) applications with little 
modification to the design. Previous attempts to provide tunable antennas, including MEMS 
tuned antennas, can be found in the prior art listed above. None of these examples have the 
simplicity or versatility of the present design. The most obvious MEMS tuned anteimas 
include the MEMS tuned dipole or patch or an ordinary slot antenna. Each of these have 
drawbacks including interference jfrom DC bias lines of the MEMS switches or a limited tuning 
range due to the geometry of the antenna. The present antenna, which preferably includes an 
open-ended geometry, forces all (or at least most) of the antenna current to pass through a 
closed MEMS switch, resulting in the greatest frequency tuning range. Prior art exists which 
describes open ended slot antennas; however, the present antenna functions like a conventional 
slot antenna, because it is really closed at both ends - one end may be closed by the continuous 
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ground plane itself and the other end may be closed by a closed RF MEMS switch. 
Additionally, the position of the end which is closed by the closed RF MEMS switch is 
movable, because various MEMS switches can be closed can be disposed at various positions. 
This differs from previous attempts to achieve the same effect, because all previous attempts at 
MEMS tuned slot antennas were of the closed-closed design, which resulted in limited 
tunability. The present design solves this problem by using a closed-open design, where the 
open end is then actually closed by a MEMS switch and preferably by one of a plurality of 
MEMS switches. The particular MEMS switch which is closed of the plurality allows the 
frequency of operation of the slot antenna to be controlled. 

Brief description of the Invention 

In one aspect, the present invention provides a slot antenna for receiving and/or transmitting a 
RF signal at a desired one of a plurality of center frequencies. The slot antenna includes at least 
one conductive sheet having a slot defined therein, the slot being longer than it is wide, the slot 
also having a first end which is electrically closed and a second end which is electrically open. A 
plurality of switch members are mounted along the slot, each of the plurality of switch 
members acting, when closed, to couple the at least one conductive sheet on one side of the slot 
to the at least one conductive sheet on a second side thereof. A feed point is provided for 
coupling an RF signal to and from the at least one conductive sheet, the feed point being 
disposed adjacent the slot at a location which is nearer to the first end than it is to a closer or 
closest one of the plurality of switch members. The plurality of switch members are closable in 
a controlled manner to change a desired center frequency at which the slot antenna is to operate. 

In another aspect, the present invention provides a cavity backed slot antenna for receiving 
and/or transmitting a RF signal at least at a desired one of a plurality of different frequencies, 
the slot antenna comprising at least one conductive sheet having a first slot defined therein, the 
first slot being longer than it is wide, the first slot having at least one open end which is 
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eJeclrically closable by MEMS switch devices bridging the slot, the slot having a cavity 
disposed behind it, the cavity being defined by (i) said at least one conductive sheet having the 
first slot defined therein, (ii) another conductive sheet spaced from said at least one conductive 
sheet having the first slot defined therein and (iii) sidewalls coupling said at least one 
conductive sheet having the slot defined therein to said another conductive sheet, at least one of 
said sidewalls being disposed adjacent said at least one open end of said slot, the at least one of 
said sidewalls having a gap therein which aligns with said at least one open end of said slot The 
MEMS switch devices include a first plurality of switch members mounted along the first slot, 
each of said first plurality of switch members acting, when closed, to couple at least one 
conductive sheet on one side of said slot to the at least one conductive sheet on a second side 
thereof. A feed point is provided for coupling an RF signal to and/or from the at least one 
conductive sheet, the feed point being disposed adjacent the slot. The plurality of switch 
members are closable in a controlled manner to change the resonance frequency at which the 
slot antenna receives and/or transmits the RF signal. 

In yet another aspect, the present invention provides a method of making a slot antenna 
comprising the steps of: (1) forming a longitudinal slot in an electrically conductive member, the 
longitudinal slot meeting at least one edge of the electrically conductive member to thereby 
define an open end of said slot, the slot having another end remote from said open end and (2) 
disposing a series of MEMS switches along said slot and nearer its open end that its remote 
end, the series of MEMS switches coupling one side of the slot to an opposite side thereof 
when closed. 

In still yet another aspect, the present invention provides a method of making a slot antenna 
capable of operating at a plurality of different operating frequencies, the method comprising the 
steps of: (a) forming a longitudinal slot in an electrically conductive member; and (b) disposing 
a plurality of MEMS switches along said slot, the plurality of MEMS switches coupling one 
side of the slot to an opposite side thereof when closed, the longitudinal slot having at least one 
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end which is electrically closed by at least a selected one of a pliirality of MEMS switches to 
operate at a selected one of said plurality of operating frequencies, the electrically conductive 
member providing an electrically conductive route in parallel with said at least a selected one of 
a plurality of MEMS switches which route is at least one-quarter of a wavelength long at said 
5 selected one of said plurality of operating frequencies. 

Description of the Drawings 

Figure 1 is a plan view of a slot antenna in accordance with the present invention which helps 
convey the basic concepts behind the preferred embodiments of the present invention; 

Figure 2 depicts an alternative slot antenna structure which can be constructed using a slot 
1 0 antenna and MEMS switches, but which has less desirable perforrnance compared to the slot 
antenna of Figure 1; 

Figure 3A is a plan view of an embodiment of the antenna in accordance with the present 
invention; 

Figure 3B is a side sectional view of the embodiment of Figwe 3A; 

1 5 Figure 3 C is an exploded plan view of a portion of antenna showing a MEMS switch and its 
carrier in greater detail; 

Figures 4A and 4B are plan and side sectional views of an alternative embodiment to that of 
Figures 3A - 3C; 

Figures 5A and 5B are plan and side elevation views of an alternative, cavity-backed 
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embodiment of a slot antenna in accordance with the present invention; 



Figures 6A and 6B depict plan and side sectional views of an alternative, cavity-backed 
embodiment of the invention, but having a different feed arrangement than the embodiment of 
Figures 5A and 5B; 

Figure 7 shows the addition of another series of MEMS switches to provide for or to 
accommodate changes in the impedance of the antenna at its feed point; 

Figure 8 depicts an embodiment where multiple closely-spaced MEMS switches are used for 
phase tuning and possibly for fine-tuning of the antenna resonance frequency. 

Figure 9 depicts an L-shaped slot antenna embodiment; 

Figure 1 0 depicts an antenna with two spaced apart slots arranged at 90 degrees to each other; 

Figures 11a and lib are plan and side views of an antenna with crossed slots and a cavity; 

Figure 12 provides a plot showing all of the various frequency states produced by tuning a 
particular open-ended, cavity-backed slot antenna over a length from 2,5 cm to 10 cm, the plots 
being superimposed here to show the broad range of the frequency tuning; 

Figure 13 depicts a single state in which the slot 2.5 cm long, where the primary radiation mode 
is at 4.1 Ghz but the second peak, visible at 4.6 Ghz, is an orthogonal mode produced by the 
cavity disposed below the slot; 

Figure 1 4 depicts a state in which the slot is 8.25 cm long, where three primary modes are 
visible at 2.6 GHz, 3.3 GHz, and 4.2 GHz, which are tuned by adjusting the length of the slot - 
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a fourth mode is again visible at 4.6 GHz, which is due to the cavity; 



Figure 1 5 provides a summary of the frequency of each mode as a function of slot length; 

Figure 1 6 depicts a graph of the radiation pattern of the lowest order mode, in which the slot is 
one-half wavelength long; and 

5 Figure 1 7 Tlie radiation pattern for a second order mode of the same slot antenna as in the 

previous figure - the pattern has a null along the E-plane, and two main lobes in the H-plane. 

Detailed Description 

A MEMS tuned slot antenna has several applications in the areas of frequency-tunable 
antennas, diversity anteimas, smart antennas, and phased arrays^ In its most basic form (see 

10 Figure 1), this invention consists of a slot antenna 10 which is open at one end 12 and closed at 
the other end 14. The antenna has a feed point 1 6 near the closed end 14 of the slot 20. The 
location of the feed point 16 depends on the antenna geometry, but is typically disposed a 
distance D much less than a wavelength, usually on the order of one-rcighth to one-tenth 
wavelength, from the closed end 14 of the slot. Between the feed point 16 and the open end 12 

15 of the slot are disposed a series of RF" MEMS switches 18-1, 1 8-2, 18-3 ... which can be 

opened or closed by voltages applied to control lines 24-1, 24-2, 24-3 ... (see Figure 3). The 
MEMS switches 18-1,1 8-2, 1 8-3 bridge the slot 20. By opening and closing the MEMS 
switches 18-1,1 8-2, 1 8-3 one can vary the effective length of the slot 20, and thus tune the 
resonance frequency of the slot antenna. The antenna 10 is close to one-half wavelength long at 
20 the lowest desired resonance frequency. The MEMS switches 18-1, 1 8-2, 1 8-3 ... are placed at 

various locations along the slot 20, those locations being determined by the desired frequencies ' 
at which the slot antenna will operate, with the distances Dl, D2, D3, ... from the shorted end 
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14 to each MEMS switch 18-1,1 8-2, 1 8-3 ... being approximately one-half wavelength at each 
desired resonance frequency. The feed point 16 is placed a distance D from the closed end 14 
and between the closed end and the first MEMS switch 18-1, and can take a variety of forms 
including microstrip, coax, or other types. The distance D is typically much less than a 
5 wavelength, usually on the order of one-eighth to one-tenth wavelength. The slot 20 itself is cut 
into or otherwise formed in a conductive ground plane or surface 22, only a portion of which is 
shown here. The ground plane 22 may be a large surface, which may be many wavelengths in 
each dimension in the plane of the ground plane. The ground plane 22 may be part of a vehicle 
or airplane, such as its exterior surface. It may also be very small, as in the printed circuit board 
10 of a portable handset device such as a cellular telephone or other communications device. For 
very small antennas 10, the size of the surrounding ground plane will have some effect on the 
resonant frequency of the slot 20, however, this effect should not be great. 

The slot 20 is typically on the order of 1 mm wide, but its width is not critical. Th.ere is a very 
slight dependence of the bandwidth of the antenna 1 0 based on the width of the slot 20, with 
1 5 increasing widths producing increasing band widths, but this effect is usually so small as to be 

unmeasurable. Theoretically, wider slots 20 would produce wider bandwidths, but if the slot 20 
is made too wide, it will not be feasible to tune it with the tiny MEMS switch without having 
to significantly change the geometry. 

At first glance, this invention may appear obvious in light of the prior art noted above. 

20 However, as will be explained here, it is in fact quite novel and could not be easily made using 
the standard antenna types listed above, combined in the most natural way with RF MEMS 
switches. One way of using MEMS switches to create a tunable antenna is to combine the 
switches with the antenna in such a way that they adjust some dimension that controls the 
resonant frequency of the antenna. Several examples of structures that have been tried include 

25 dipole antennas in which the MEMS switches adjust the length of the dipole, patch antennas in 
which the MEMS switches tune the length of the patch, and slot antennas in which the MEMS 
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switches vary the length of the slot. Each of these has drawbacks: In the case of the dipole, the 
required DC bias lines cause significant interference with the dipole itself, resulting in 
unpredictable radiation patterns. In the case of the patch, the antenna itself is so strongly 
resonant that it is difficult to significantly detune the patch without a large number of MEMS 
switches covering a broad area. Also, the DC bias lines cause a similar problem with the patch 
to that which occurs with the dipole. The slot appears to be a good candidate because the DC 
bias lines can be printed in close proximity to the metal ground plane surrounding the antenna, 
and thus can cause very little interference. However, the standard slot antenna suffers from a 
significant drawback in that the current path surrounding the slot has extremely low impedance. 
The MEMS switches, because of their small size, have a small but finite inductance. This finite 
inductance is shorted by the much lower impedance path around the outside the slot, and a 
very small fi-action of the current travels through the MEMS switch. The result is that the 
tuning range of the antenna can be significantly impaired. This geometry is shown in Figure 2 
where the current lines are depicted by the curved lines with arrowheads. More current heads 
around the closed end 14 than goes through the closed switch 18. The net result is that the 
effect of the switch is only partial. 

By opening one end 12 of the slot 20 and placing the feed point 16 between the closed end 14 
and the MEMS switches 1 8, as shown in Figure 1, one can force all of the antenna current to 
pass through the particular MEMS switch 18 which is closed. The result is that antenna 1 0 is 
extremely tunable and very simple to design. This may appear obvious considering the prior art 
teaching of Haub, et. ah, however, in that design the open ended slot is used in a different way. 
By opening one end of the slot, one may reduce its length by half, making it one-quarter 
wavelength long instead of the usual one-half wavelength. This is because the standing wave 
formed in such a slot will have a node at the closed hand, and an antinode at the open end. If 
one were to try to tune such an antenna using a MEMS switch, the most natural way is put the 
switch near the closed end, where they would adjust the location of the node in the standing 
wave similar to the effect described above with reference to Figure 2. Putting the MEMS 

-13- 



wo 03/058758 PCT/US02/39216 

switches near the open end is not a natural choice because this would place a node at a place 
calling for an antinode. Thus, the embodiment of Figure 1 is quite different from that which one 
would arrive at by a natural combination of Haub's antenna with RF MEMS switches. In the 
embodiment of Figure 1, the slot antenna 10 acts as an ordinary one-half wavelength slot, and 
the open end 12 exists not as a means of tuning the antenna 10, but rather as a means for forcing 
the antenna current through the closed MEMS switch (18-1, 1 8-2 or 1 8-3), allowing for 
maximum tunability. 

The number of MEMS switches 1 8 utilized is a matter of design choice. Three switches are 
shown in Figure 1 and in several other figures, but it is to be understood that an arbitrary 
number of switches could be used, if desired. 

The basic concept of this invention has been presented above. The rest of this disclosure will 
include discussions of the various ways of implementing this concept in a manufacturable 
structure. The invention is not limited to the examples given here, and many variations on the 
basic concept may be obvious to those skilled in the art of antenna design, once they appreciate 
the concept described above. 

One way of making this antenna will now be described with reference to Figures 3A^ 3B and ■ 
3C. In this embodiment of the invention, the MEMS switches 1 8 are mounted on a carrier 26, 
which may consist of a small, simple printed circuit board. The carrier is preferably formed of a 
composite polymer material such as Duroid or of a ceramic material. This printed circuit board 
26 has two metal plated vias 28 which allow the switch 1 8 mounted on its top surface to have 
electrical access to the slot antenna grotmd plane 22 upon which the carrier 21 is mounted, by 
conducting current in the vias 28 through the carrier 26 to the ground plane 22. In order to close 
the switches 24 with great simplicity, a single DC bias or control line 24 is preferably used. In 
order to accomplish this end, one of the two RF ports 1 8a of the MEMS switch 1 8 should also 
serve as the DC signal ground. This is shown in Figure 3C, where one of the two vias 28-1 is 
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AVire bonded (see wires 19) to two locations on the switch. These two locations to which the 
common via 28-1 is wire bonded represent one RP port 1 8a and one DC port 1 8b. The other 
via 28-2 is only wire bonded to one location 1 8a on the switch, and serves only as an RF port. 
The remaining DC port 1 8b on the switch is wire bonded to the single DC bias or control line 
24. Thus, the DC circuit consists of the DC bias or control line 24, the DC portion of the 
MEMS switch (accessed via ports 1 8b), one of the vias 28, and the ground plane 22 of the slot 
antenna itself 10. The RF circuit consists of the feed (which, in this embodiment, is provided 
by a coaxial cable 30), the slot 20 in the ground plane 22, and the RF portion of the MEMS 
switch 1 8 which is accessed via ports 1 8a and the two vias 28 in the carrier. This construction 
technique (using the carrier 26) allows the antenna 1 0 to be designed and built independently of 
the structure that supports the MEMS switch 24. Thus, the antenna 10 may be built of 
stamped sheet metal, printed circuit boards, or any other metal structure that suits the design. 
The MEMS switch 24 mounted on the carrier 26 can then be placed after fabrication of the slot 
20, allowing for fine-tuning if necessary. The earner 26 may be connected to the regions . . 
adjacent slot 20 using conductive epoxy, or solder. Using this technique, the slot 20 may also 
be entirely devoid of solid material, as would be the case for stamped sheet metal. 

In Figure 3 A each switch 1 8 is shown on a separate carrier 26. Altematively^ the switches 81-1, 
18-2, 18-3,... could all be mounted on a common carrier as opposed to on individual carriers 26. 
The use of individual carriers is preferred since that provides greater control in positioning the 
switches longitudinally along slot 20. 

An alternative construction technique will now be described with reference to Figures 4A and 
4B. In this embodiment the MEMS switches 24 are mounted directly to an insulating top 
surface or layer 21 which preferably overlays ground plane 22. The MEMS switches 24 are 
connected on either side of the slot by vias 28 which pass through the top surface 21 . The DC 
bias circuit is formed in the same way as in the embodiment of Figures 3A - 3C. In this case, 
the feed is shown as a printed microstrip line 31 which connects to the far side of the slot 20 
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by a via 29. The entire structure is a single multi-layer printed circuit board. The feed is a 
microstrip line 31 printed on the top layer 21, and connected to the opposite end of the slot 20 
preferably through a single metal plated via 29. The MEMS switches 24 are also mounted 
directly on the top layer 21 and are connected to opposed sides of the slot 20 using pairs of 
metal plated vias 28 in a manner similar to that described in with reference to Figures 3A - 3C. 
The DC bias lines 24 are similarly printed on the top layer of the printed circuit board, and are 
connected in to the MEMS switches 1 8 in a manner like to that described with reference to 
Figures 3A - 3C. 

Until now, only a freestanding slot antenna has been described. However, this design is also 
amenable to making a cavity backed slot antenna such as the antenna shown in Figures 5A and 
5B. The use of a cavity 32 behind the slot antenna has the advant^age that the slot 20 may then 
be mounted directly adjacent to a large metal groxmd plane, with no openings cut in that ground 
plane. This is often a requirement, as in the case of a metal skinned vehicle such as an 
automobile, for example. This is a benefit, because, in some cases, the designer may want to put 
an antenna on top of a large continuous ground plane such as the roof of the vehicle. If one 
makes the slot 20 part of a metal cavity 32, then you can place this cavity 32 on a metal 
surface, such as the roof of a vehicle, without shorting out the antenna. The use of the cavity 32 
also limits the instantaneous bandwidth of the antenna, which may be an advantage or 
disadvantage depending on the application. As a rough design guide, the width of the cavity 
should typically be around one-half wavelength at the desired frequency, divided by the 
refractive index of the material filling the cavity. However, this is a very loose rule, and the 
cavity can be made at least a factor of two smaller than this without significant negative effects. 
Thus, a cavity 32 having a particular size can serve an antenna which is tunable over a very 
broad range. 

A cavity antenna normally has metallic sidewalls 35 along each of its edges. However, if a 
metallic sidewall 35 covered the side of the antenna of Figures 5 A and 5B adjacent where slot 
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20 contacts the edge, the sidewall immediately adjacent the slot 20 would act as a current path 
making the MEMS switches 18-1,18-2, 18-3 that much less effective (essentially the problem 
described with reference to Figure 2 would reappear). Therefore, the sidewall 35 adjacent where 
the slot 20 contacts the edge is opened up with a gap 39 having a width 37 to increase the 
length of the current path around the slot 20 at the edge of cavity, thereby increasing the 
effectiveness of the MEMS switches 18-1,1 8-2, 1 8-3. The width 37 of the gap 39 should be 
sufficiently long that the current path in parallel witch a closed one of the MEMS switches 1 8 
is approximately one-quarter wavelength long (or longer) for the operating frequency of the 
antenna with the closed one of MEMS switches 18. 

The cavity 32 backed slot antenna can be fed using a microstrip 31 as shown in Figure 5 A, or 
an offset coaxial probe 34 as shown in Figure 6A. Opening 33 in surface 21 (see Figure 6 A) 
facilitates soldering (or otherwise connecting) the center conductor of the coaxial 34 to surface 
22\ The ground shield of the coaxial probe 34 is then coupled to the back plane 36. Surface 22' 
forms a portion of the ground plane for the antenna and since the cavity backed slot antenna is 
typically mounted on an electrically conductive surface (not shown - but such as the exterior 
metal surface of a vehicle) that electrically conductive surface also provides a ground plane for 
the antenna. 

The feed point 16 impedance is preferably adjusted to 50 ohms (a common impedance used in 
antenna systems - other impedances can be used, of course) by adjusting its location along the 
slot 20. Typically, the feed point 16 can be placed a distance equal to 1/10 to 1/5 of a 
wavelength from the shorted end and the position can be adjusted quite easily within the range 
to find an impedance match. 

In most cases, the feed point 1 6 can be placed at a single fixed distance D from the closed end 
14 of the slot 20 and it can serve a very broad range of resonance frequencies. However, if the 
desired range of frequencies is extremely broad, or if the instantaneous bandwidth is very 
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narrow as would be the case for a very thin cavity, some adjustment of the feed location may 
be necessary. This can be accomplished as shown in Figure 7, In this embodiment the MEMS 
switches 1 8-1, 1 8-2, 1 8-3 that provide the frequency tuning are the same as those described 
above with reference to the previously described embodiments. However, a second series of 
closely spaced MEMS switches 15 have replaced the closed end 14 of the slot 20. This allows 
for adjustment of the location of the effective slot end associated with a closed one of the group 
of MEMS switches 15. The slot end adjusting switches 15 are nearer the feed point 16 than are 
the frequency adjusting switches 1 8. The slot end adjusting switches 15 account for possible 
impedance mismatches which may occur with a very broad tuning antenna or a very highly 
resonant antenna by effectively moving the closed end 14 of the slot 20 longitudinally along the 
slot 20. If the embodiment of Figure 7 is formed without a cavity (such as cavity 32 shown in 
Figure 5B) then the surface 22 is segmented into two portions by the slot since the slot 20 
transverses the surface 22 in this embodiment. In two portions are preferably supported by a 
dielectric substrate (such as substrate 21 depicted in the embodiment of Figure 4B) which 
substrate is not shown in Figure 7. 

Another embodiment of this invention is shown in Figure 8. In this case, a group of MEMS 
switches 18' are very closely spaced together (there are located a very small part of a 
wavelength of the frequency of the antenna apart) and are disposed near the open end of the 
slot 20 in substrate 22. This allows the slot 20 to be tuned over a very small fraction of its 
bandwidth. Opening and closing the individual switches in unit 18' causes a variation in the 
phase of the radiated wave, which can have applications in phased array antennas. In Figure 8 
the group has four MEMS switches in switch unit 1 8 as is indicated by the four control or bias 
lines 24 which leave switch um't 1 8. Of course, the number of individual switches used in 
switch unit 18' is a matter of design choice. The group of switches can be disposed on a small 
substrate 23 and the antenna can be made by basically the same techniques described 
previously with respect to Figures 3 A - 3C, except that the switches here are much more 
closely spaced together. As in the other embodiments, the conductive ground plane or surface 
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22 may be mounted on or with a dielectric surface 21 (see Figure 4B for example). 



Since the MEMS switches of the embodiment of Figure 8 change the resonance frequency by 
much less than the bandwidth, the primary effect is to tune the phase of the radiation. The 
antenna element shown in Figure 8 could be used, for example, as a basic antenna element of a 
5 phased array by replicating the phase-tuned slot on a one-dimensional or on two-dimensional 
lattice. 

Yet another embodiment will now be described with reference to Figure 9. In this embodiment, 
the slot 20 assumes the shape of a letter "L"" and has its feed point 1 6 at its comer 1 7 of the 
"L". Two MEMS switches 38 are placed in the slot, one on each side of and very close to the 

10 feed point 16. By closing one of the two switches 38, the arm or section of the L-shaped slot 
20 having the closed switch 38 will be shorted, while the other arm or section will be able to 
radiate and/or receive RF radiation. This has the effect of switching the polarization of the 
antenna between two different linear polarizations. This embodiment of the antenna can be 
used for polarization diversity, for example, in a portable handsets antenna. The lengths of the 

1 5 two slots 20 are preferably controlled by utilizing groups of MEMS switches 1 8, as has been 
previously described, in each arm or section of the L-shaped slot 20. The arm or section with 
an open switch 38 will radiate, while the closed switch 38 in the other arm or section serves as 
the shorted end 14 (see the discussion relating to Figure 1) of the operating slot arm/section. 
The L-shaped slot may be considered as being two slots which happen to intersect. 

20 The embodiment of Figure 9 is somewhat similar to the embodiment of 7 in that the slot or 
slots 20 are depicted as completely traversing the conductive surface 22, splitting it into two 
portions. As previously mentioned, the ground plane 22 may be bigger than that suggested by 
these figures and thus the ground plane, in extending beyond the limits shown in the figures, 
may well close distal ends of the slot or slots. If the distal ends of the slot or slots are indeed 

25 closed in this fashion, then the distal end should be positioned sufficiently remotely from the 
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MEMs switches 18 so that Avhen a given MEMs switch 1 8 is closed, the current path provided 
by the short at the distal end should have a length (measured from the location of the given 
MEMs switch 1 8) of at least one quarter wavelength at the frequency which the antenna is 
then operated in order to cause a majority of the antenna current to route through the closed 
5 MEMs switch 1 8 as opposed to flowing via the short at the distal end of the slot. If the distal 
end of the slot is open as depicted in Figures 1 , 3 A, 4A, and 8, then the length of the 
aforementioned current path is at least one quarter wavelength long due to the length of the slot 
back to its closed end 1 4. If both ends of the slot are open as depicted in Figures 7 and 9, then 
the length of the aforementioned current path can be considered as be infinitely long through the 
1 0 conductive surface 22. A current path does exists, but it is via a MEMs switch 1 5 or 38 which 
acts like the closed end 14 of Figure 1 when the MEMs switch is actuated. 

Two separate antennas 10, each with its own slot 20 disposed orthogonally to the slot of the 
other antenna, may be used in combination. The switching of these antennas can then be 
controlled by switching the feeds to the feed points 16 of the two anteimas or by the use of 
15 MEMS switches 38 to disable an associated slot 20 of one of the antennas, in order to provide 
antenna diversity. 

Multiple antennas 1 0 of the previously described embodiments can be used cooperatively 
together in a single ground plane. For example, as shown in Figure 1 0, two antennas 1 0 can be 
arranged at a right angle to each other. By introducing a relative delay in the feed path to the 
20 feed point of one antenna compared to the other antenna, the antenna's polarization can be 
made circular. In that case each antenna would typically have a single MEMS switch which 
would be closed when the associated antenna 10 is utilized. 

Alternatively, each antenna 1 0 of Figure 1 0 can be fed with the same phase signal, but then by 
altering the frequency of one of the antennas slightly by closing a selected one of a group 
25 MEMS switches in each antenna, the slight frequency difference between the two antennas can 



-20- 



wo 03/058758 PCT/US02/39216 
be made to produce a 90-degree phase difference, as disclosed in US Patent application serial 
number 09/829,192 filed April 10, 2001 which discloses a crossed slot antenna capable of 
producing circular polarization. One can then alternately close a MEMS switch 1 8 in one of the 

two orthogonal slots 20 depicted in Figure 10 to produce an antenna with switchable circular 
polarization. 

Figures 1 1 A and 1 IB depict a crossed slot cavity backed antenna with crossed open-ended 
slots 20. Each slot has a series of MEMS switches at it ends having adjusting the resonance 
frequency of the associated slot. This embodiment is shown with a coax feed 34 similar to the 
embodiment of Figures 6A and 6B. The sidewalls 35 should have a gap 39 with a width 37 
therein adjacent where the slots 20 intersect the sidewalls 35 in order to increase the length of 
the current path adjacent the ends of the slots 20 to increase the effectiveness of the MEMS 
switches 18. Alternately, the cavity could be increased in size so that it is sufficiently large and 
the slots sufficiently long, so as to provide the same effect. In either case, the total current path 
which would tend to bypass the MEMS switches, whether it is represented by an additional 
region of the slot or by an opening in the cavity, should be on the order of 1/4 wavelength. 

The antenna of Figures 1 1 A and 1 IB could, of course, be made without the cavity by disposing 
the surface 22' on a dielectric support surface. 

A number of embodiment have been disclosed. These embodiments may be formed either with 
or without cavities as desired. As previously mentioned, providing a cavity allows for a more 
narrow banded operation compared to doing without a cavity. If a cavity is used, the cavity is 
usually "filled" with a dielectric such a solid dielectric material, a gas (for example, air) or even a 
vacuum. 

These ideas can be combined together or combined with other techniques and thus it is to be 
expected that many other designs will be apparent to those skilled in the art of antenna design 
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Test results 

To substantiate the feasibility of the structures described above, an antenna was built 
consisting of a cavity backed slot, fabricated as a printed circuit board made of Duroid 5880. 
5 The back of the board was entirely metal, and the front was also formed of metal but had a slot 
20 formed therein. The slot 20 was shorted at one end and open at the other end. A coaxial 
cable was used to feed the slot near its shorted end. The board measured 1 0 cm by 4.5 cm, and 
the feed was placed 8 mm from the shorted end of the slot 20. An array of gold bond wires was 
placed along the slot, shorting one side of the slot to the other, and simulating the presence of 

10 the MEMS switch. The first bond wire was placed 2.5 cm from the shorted and the slot, and 
the wires were spaced every 6 mm. One by one, the wires were removed, and the antenna was 
measured to document its return loss, and thus the quality of its input impedance match. The 
results of these measxirements are compiled in Figure 12. The antenna is tunable over a range of 
2.4 GHz to 4.6 GHz using this technique. Two specific states of the antenna are shown in 

1 5 Figures 1 3 and 14. Figure 13, in which the slot was 2.5 cm long, shows a primary peak at 4.2 
GHz, and the secondary peak at 4.6 GHz. The primary peak represents the main radiation 
mode of the antenna, and it is this mode that is tunable. The secondary peak represents a 
different mode within the cavity, and this mode is not tunable. Figure 14 shows the three main 
peaks, which consist of a first order mode at 2.4 GHz, a second order mode at 3.3 GHz, a third 

20 order mode at 4.1 GHz, and again a non-tunable mode at 4.6 GHz. The presence and location of 
this non-tunable mode will depend on the presence of the cavity 32, and the details of its 
geometry. The other modes can be tuned by adjusting the length of the cavity, by opening and 
closing the MEMS switches. 

The lowest order resonance consists of the mode in which is single half wavelength fits across 
25 the length of the slot 20. The frequency of this mode may thus be determined from the length 
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of the slot, and the effective index of refraction of the material on both sides of the slot 20. This 
mode produces a very broad radiation pattern, which is nearly omnidirectionaj, or semi- 
omnidirectional in the case of the cavity backed slot. The second order mode fits an entire 
wavelength within the slot. The third order mode fits three half wavelengths within the slot. 
With no cavity, the second and third order modes would thus be a factor of two, or three, 
respectively, greater than the first order mode. In the case of the cavity backed slot, all three 
modes are compressed toward the center frequency of the cavity, which is about 3.3 GHz in 
the case measured here. A plot of the frequency of each mode as a function of slot length is 
shown in Figure 1 5. The lowest order mode is shown, the second order mode is shown, and the 
third order mode is shown in this figure. By appropriately choosing several switch positions, 
one may change the mode order while keeping the frequency the same. For example, to produce 
a first order mode and a second order mode at 3 GHz, the switch positions would be 4.75 cm 
and 9.5 cm. Switching between these two modes produces two different radiation patterns, 
which is useful for pattern diversity. 

One application of the MEMS tuned slot antenna is for pattern diversity. Each mode produces 
a different radiation pattern, and by switching between these radiation patterns, a wireless 
system can achieve a greater signal to noise ratio, by taking advantage of diversity gain. An 
example of one way of switching between modes to achieve pattern diversity is shown in 
Figures 1 6 and 1 7. Figure 1 6 shows the typical pattern for a lowest order mode of a cavity 
backed slot antenna. Figure 1 7 shows the second order mode of the same antenna. Since the 
radiation patterns of the two modes are significantly different, switching between these two 
modes can provide two different views of the surrounding multipath environment, and provide 
a significant degree of diversity gain. Using the graph shown in Figure 1 5, on can choose the 
positions of the MEMS switches so that both modes occur at the same frequency, which 
would be the most appropriate configuration for a modem wireless system. 

Figure 1 7 shows the radiation pattern for a second order mode of the same slot antenna as 
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reported in Figure 1 6. Here the pattern has a null along the E-plane, and two main lobes in the 
H-pIane. By switching between this pattern and the one in the previous figure, one can achieve 
a significant amount of pattern diversity. 

Some embodiments of the antenna have the slot or slots defined in a ground plane. Other 
embodiments of the antenna have the slot or slots defined in a conductive member or members 
which define a portion of a cavity. The cavity based embodiment has the advantage of being 
able to be conveniently disposed on top of a larger ground plane such as that provided by the 
outer metal surface of a vehicle (automobile, car, truck, airplane, missile, etc.). The 
embodiments which, as previously describe, have no cavities and be easily modified to include a 
cavity by following the teachings provided herein. In a similar fashion, the embodiment which, 
as described above, have cavities therein, can be modified to eliminate the cavities, if so desired. 
For example, consider the cavity-backed embodiment of Figures 11 A and 1 IB. If the cavity is 
eliminated that means that the lower conductive surface and the sidewalls 35 disappear, leaving 
four conductive rectilinear elements connected by MEMS switches 1 8 ' The mechanical support 
provided by the cavity disappears, but some sort of mechanical support is desired to support 
the four rectilinear conductive surfaces. One way of supporting those surface (and hence their 
MEMS switches 1 8), is to dispose them on a Hi-Z surface of the type disclosed in the 
following patent application owned by UCLA: D. Sievenpiper and E. Yablonovitch, "Circuit 
and Method for Eliminating Surface Currents on Metals," U. S. provisional patent application 
serial nimiber 60/079953, filed March 30, 1998 and corresponding PCT application 
PCT/US99/06884, published as WO99/50929 on October 7, 1999, the disclosures of which are 
hereby incorporated herein by reference. The sizes of the conductive elements forming the Hi-Z 
surface or surfaces should be sized so that their dimensions are much less that a wavelength of 
the highest desired resonance frequency of the antenna. 

The Hi-Z surface of PCT application PCT/US99/06884, published as WO99/50929 on October 
7, 1 999, could be used with any of the embodiments disclosed herein either by mounting the 
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disclosed embodiment on a Hi-Z surface or by first removing the cavity before mounting on the 
Hi-Z surface. 

In the disclosed embodiments of the slot antennas, each slot 20 has a physically open end 
which electrically closed by means of MEMS switches 18 when at least one of those 
5 switches is closed. This assumes that the switches are normally open circuit switches. The 
switches 1 8 could alternatively be normally closed switches, which would have the effect of 
changing the sense of the how the control voltage would be applied. 

The open end of the slots 20 are depicted as being physically open. If the slot is very long, the 
"open" end of the slot could be in fact physically closed, so long as the current path around the 
10 physically closed end were sufficiently long compared to the current path via the MEMS 

switch 1 8 such that the actuation of tlie MEMS switch 1 8 would have an appreciable effect on 
the frequency of operation of the slot antenna. In terms of Figure 2, in order to have an 
appreciable effect, the closed end 1 4 would have to be many times father from the feed point 
16 than is MEMS switch 18. 

1 5 Having described the present invention in coimection with certain embodiments, modification 
will now doubtlessly suggest itself to those skilled in the art. For example, a number of 
variations or embodiments of a basic concept have been disclosed. At the very minimum, those 
variations and embodiments can be combined in various ways depending on the features which 
a slot antenna is intended to have. As such, the invention is not to be limited to the disclosed 

20 embodiments and variations except as specifically required by the appended claims. 
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1 . A slot antenna for receiving and/or transmitting a RP signal at a desired one of a 
plurality of different frequencies, the slot antenna comprising: 

ft 

(a) at least one conductive sheet having a slot defined therein, the slot being longer than 

it is v/ide, the slot having a first end which is electrically closed and a second end which is open; . 

(b) a plurality of switch members mounted along said slot closer to the second end than 
to the first end thereof, each of said plurality of switch members acting, when closed, to couple 
the at least one conductive sheet on one side of said slot to the at least one conductive sheet on 
a second side thereof; 

(c) a feed point for coupling an RF signal to and/or from the at least one conductive 
sheet, the feed point being disposed adjacent said slot at a location which is nearer to said first 
end than it is to a closer or closest one of said plurality of switch members; and 

(d) the plurality of switch members be closable in a controlled manner to change a 
desired resonance jfrequency at which the slot antenna receives and/or transmits the RF signal. 

2. The slot antenna of claim 1 wherein said plurality of switch members are disposed along 
said slot closer to one end of the slot than to another end thereof. 

3. The slot antenna of claim 2 wherein said plurality of switch members are disposed 
along said slot closer to the second end of the slot than the first end thereof. 

4. The slot antenna of any one of claims 1-3, wherein the electrically closed end of the slot is 

formed by a portion of said at least one conductive sheet which physically closes said slot. 

I 

5. The slot antenna of any one of claims 1-3, wherein the electrically closed end of the slot is formed - 
by a controllable switch connected across said slot, which controllable switch, when in its closed 
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position, connects said one side of the conductive sheet with the other side thereof at said first 

end. 

6. The slot antenna of claim 5 wherein the controllable switch is one of a plurality of 
controllable switches arranged along said slot adjacent the first end thereof, said controllable 
switches being separately closable to change the location of said first end along said slot and 
thereby affect the impedance of the feed point. 

7. The slot antenna of any one of claims 1-3, wherein the slot has an L-shaped configuration 

having first and second orfliogonally-disposed sections, the feed point being disposed adjacent a point 
where the two orthogonally-disposed sections meet, the first section having an end which is 

electrically closed when a controllable switch associated with the second section is closed and 

the second section having an end which is electrically closed when a controllable switch 

associated with the first section is closed, the first end of the slot moving between the 

controllable switch associated with the second section and the controllable switch associated 

with the first section in response to closures of the controllable switches associated with the 

first and second sections. 

8. The slot antenna any one of claims 1-3, further including a cavity arranged adjacent said 
slot in said at least one conductive sheet, 

9. The slot antenna of any one of claims 1-3, wherein said plurality of switch members are 
moimted on a one or more dielectric carriers, said one or more dielectric carriers being mounted 
over said slot so that said plurality of switch members are thereby mounted along said slot. 

1 0. A cavity backed slot antenna for receiving and/or transmitting a RF signal at least at a 
desired one of a plurality of different frequencies, the slot antenna comprising: 

r 

(a) at least one conductive sheet having a first slot defined therein, the first slot being 
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longer than it is wide, the first slot having at least one open end which is electrically closable by 
MEMS switch devices bridging the first slot, the slot having a cavity disposed behind it, the 
cavity being defined by (i) said at least one conductive sheet having the first slot defined 
therein, (ii) another conductive sheet spaced from said at least one conductive sheet having the 
first slot defined therein and (iii) sidewalls coupling said at least one conductive sheet having 
the first slot defined therein to said another conductive sheet, at least one of said sidewalls 
being disposed adjacent said at least one open end of said first slot, the at least one of said 
sidewalls having a gap therein which aligns with said at least one open end of said first slot; 

(b) the MEMS switch devices including a first plurality of switch members mounted 
along the first slot, each of said first plurality of switch members acting, when closed, to couple 
at least one conductive sheet on one side of said first slot to the at least one conductive sheet on 
a second side thereof; 

(c) a feed point for coupling an RP signal to and/or from the at least one conductive 
sheet, the feed point being disposed adjacent said first slot; and 

(d) the plurality of switch members be closable in a controlled manner to change the 
resonance frequency at which the slot antenna receives and/or transmits the RP signal. 

1 1 . The slot antenna of claim 1 0 wherein said first plurality of switch members are 
disposed along said first slot closer to a peripheral edge of said cavity than to said feed point. 

12. The slot antenna of claim 1 1 wherein said first slot has two open ends which terminate 
at the peripheral edge of said cavity and further including a second plurality of switch members 
disposed along said slot closer a second open end of the slot than to said feed point. 

13. The slot antenna of claim 12 further including a second slot having two open ends which 
terminate at the peripheral edge of said cavity, the second slot intersecting the first slot at a 
position which is at a midpoint of each of said first and second slots, the second slot having 
first and second pluralities of MEMS switch members arranged along said second slot closer to 
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the open ends thereof than to said feed point. 
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1 4. The slot antenna of claim 1 0 wherein the slot has an electrically closed end remote from 
the open end thereof 

1 5. The slot antenna of claim 14 wherein the electrically closed end of the slot said is 
formed by a portion of at least one conductive sheet. 

16. A method of making a slot antenna comprising the steps of: 

(a) forming a longitudinal slot in an electrically conductive member, the longitudinal slot 
meeting at least one edge of the electrically conductive member to thereby define an open end of 
said slot, the slot having another end remote from said open end; and 

(b) disposing a series of MEMS switches along said slot and nearer its open end that its 
remote end, the series of MEMS switches coupling one side of the slot to an opposite side 
thereof when closed. 

1 7. The method of claim 1 6 wherein the other end of the slot also meets an edge of the 
electrically conductive member to thereby define a second open end of said slot and further 
including the step of disposing a second series of MEMS switches along said slot and nearer its 
second open end that its first mentioned open end, the second series of MEMS switches 
coupling one side of the slot to an opposite side thereof when closed. 

18. A method of making a slot antenna capable of operating at a plurality of operating 
frequencies, the method comprising the steps of: 

(a) forming a longitudinal slot in an electrically conductive member; and 

(b) disposing a plurality of MEMS switches along said longitudinal slot, the plurality of 
MEMS switches coupling one side of the slot to an opposite side thereof when closed, the 
longitudinal slot having at least one end which is electrically closed by at least a selected one of 
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said plurality of MEMS switches to operate at a selected one of said plurality of operating 
frequencies, the electrically conductive member providing an electrically conductive route in 
parallel with said at least a selected one of a plurality of MEMS switches which is at least one- 
quarter of a wavelength long at said selected one of said plurality of operating frequencies. 

5 1 9. The method of claim 1 8 further including the steps of: 

(c) forming a second longitudinal slot in the electrically conductive member, the second 
longitudinal slot being disposed at a right angle to the first mentioned longitudinal slot; and 

(d) disposing a second plurality of MEMS switches along said second longitudinal slot, 
the second plurality of MEMS switches coupling one side of the second slot to an opposite 

1 0 side thereof when closed, the second longitudinal slot having at least one end which is 

electrically closed by at least a selected one of said second plurality of MEMS switches to 
operate at a second selected one of said plurality of operatmg frequencies, the electrically 
conductive member providing a second electrically conductive route in parallel with said at least 
a selected one of said second plurality of MEMS switches which is at least one-quarter of a 

1 5 wavelength long at said second selected one of said plurality of operating frequencies. 

20. The method of claim 19 wherein the second longitudinal slot intersects the first 
mentioned longitudinal slot 

21 . The method of claim 1 9 wherein the first mentioned route and the second route are each 
infinitely long. 

20 22. A slot antenna capable of operating at a plurality of operating frequencies, the slot 
antenna comprising: 

(a) an electrically conductive member having a longitudinal slot defined therein; and 

(b) a plurality of MEMS switches disposed along said longitudinal slot, the plurality of 
MEMS switches coupling one side of the slot to an opposite side thereof when closed, the 

-30- 



wo 03/058758 PCT/US02/39216 

longitudinal slot having at least one end which is electrically closed by at least a selected one of 
said plurality of MEMS switches to operate at a selected one of said plurality of operating 
frequencies, the electrically conductive member providing an electrically conductive route in 
parallel with said at least a selected one of a plurality of MEMS switches which is at least one- 
5 quarter of a wavelength long at said selected one of said plurality of operating frequencies. 

23. The slot antenna of claim 22 further including: 

(b) a second longitudinal slot in the electrically conductive member, the second 
longitudinal slot being disposed at a right angle to the first mentioned longitudinal slot; and 

(c) a second plurality of MEMS switches disposed along said second longitudinal slot, 
10 the second plurality of MEMS switches coupling one side of the second slot to an opposite 

side thereof when closed, the second longitudinal slot having at least one end which is 
electrically closed by at least a selected one of said second plurality of MEMS switches to 
operate at a second selected one of said plurality of operating frequencies, the electrically, 
conductive member providing a second electrically conductive route in parallel with said at least 
15 a selected one of said second plurality of MEMS switches which second route is at least one- 
quarter of a wavelength long at said second selected one of said plurality of operating 
jfrequencies. 

24. The slot antenna of claim 23 wherein the second longitudinal slot intersects the first 
mentioned longitudinal slot. 
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